In ;m earlier stlJdy (22) , exponenti a lly growing (e]1s of lhe mouerately halophilic hacterium Paracoccus halodenitrificans we re shown to maintain intracellular concentrations of potassium and sodium (with K+ ~ Na+) that were independ e nt of t he extracellular con c entrat ions of th ese ions. Cells taken from the maximum stationa r y ph ase were deplet e d with respect to K+ and had accumu lated Na+ so t hat the intracellular concentrations of these ions appr ox imated those found in the growth medium. These changes were als o accompa ni ed by cha nges in the activity of the membrane-bound NADH oxidase, sugges ting a correlation between these ion fluxes and the activit y of t h~ resp ir a t o ry chain. In order to gain a better und e rsta ndi ng of the se ph enomen3 , a study of the electron transport system in P. halod en itrifi crl ns wa s jnit i ated . The patterns of inhibiti on ohse rv ed dllrin g NADH and suc c inate oxidation suggested that a mena quinone (MK) wa s as so ciated wi th the ox id a tion of NADH while a ubiquinone ( UQ) wa s involv ed in succinate oxidation. The presence o f MK and UQ in the s ame organism is unusual and appears restricted to certain ent e ri c ba c teria (2 ,2 5) .
Furthermore, the only quinone found in P. hal odenitrificans i s UQ -9 ( 4 ) .
The results o f the experiments des c ribed in this paper con f i rm that UQ-9 is th e only dete c table quinon e in P. halodeni t rifi cans a nd t ha t NADH ~nd succinate ma y not be oxidized t hrough the sam e quinone pool.
MATERIALS AND METHODS
Growth of bacteria and preparation of membranes. P. hal odenitrificans (ATCC 13511) was grown aer obically in a compl ex medium as prviously described (22 ) . Stationary-ph ase cells we r e harv e s t ed by
.e ntri f uga ti on at 4,300 x g for 30 min at 4°C and immediately process ed .
The cell s were suspended in 10 mM N-2-hydroxyethylpiperazine-N'-2 ethane sulfonic acid (HEPES)-500 mM NaCl buffer (pH 7 . 4) to a cellbuffer ratio of 0.25 (wt!v), passed throu gh a cold French pressur e ce J ] ope r 8ted a t 15 kp si (103 MFa), and the suspension cent ri f uged at 4 ,300 x g f o r 30 min at 4°C. The supernatant was centrifu ged at 175 . 000 x g for 60 min at 4°C. The red gelatinous pe l le t was suspend ed in the HEPES-NaCl bu ffer and desi gna t ed as th e membrane f ra c ti on .
Assays. Oxygen consumption was measured polarographically using a Identification of quinones. Quinones were extracted with methan olacetone (14) or n-pentane (8), and purified by chromatography on acidwashed alumina (24). UQ was determined from the decrease in absorbanc e at 275 nm following the addition of NaHB4 using 12.5 roM-I cm-I for the ml-l absorption coefficient (6).
The number of isoprenoid units was determined by mass spectrometry or reverse-phase thin-layer chromatography. Mass spectra were determined by Frank Church using a DuPont Model 21-491 Mass Spectrometer interfaced with a GCMS computer system, and the chromatographs were determined using 100 ~m precoated Avicel microcrystalline cellulose plates f rom EM Laboratories. The quinones were detected with leu comethylene blue (6) . UQ standards were obtained from the Sigma Chemi cal
Company with the exception of UQ-8, which was prepared from Escherichi d coli (K-12) membranes in which it occurs as the principle UQ (7).
Incorporation studies. Lyophilized membranes we re extracted nin e times with n-pentane, using fresh 2-ml portions of the solvent for eac h extraction. The "depleted" membranes were dried for 1 hr at room t emperature in a rotary evaporator and "reconstituted" by addition of t he quinone (dissolved in a minimal quantity of n-pentane) to a quinon e -tomembrane protein ratio of 300 nmol:mg. The suspension was stirred at 4°C for 30 min, centrifuged at 17,300 x g for 30 min at 4°C, and th e s up erna t ant discarded. The pellet was carefully rinsed with n-pentane and the residual pentane was removed by drying the membranes in a rotary evapor a tor for 1 hr at room temperature. The quinones use d in these experiments were either the UQ standards or the endogenous quinones.
The latter were prepared from lyophilized membranes by methanol-acetor.e extr3ction (crude quinone) and subsequently purified by aci d-a lumina chromatography (purified quinone). All operations were carried out i n subdued light; fractions containing quinones were protected from ligh t .
RESULTS
Inhibition of oxidase activities. The oxidation of NADH was sensitive to dicoumarol, suggesting that NADH was oxidized through an MK-dependent step; maximum inhibition of oxygen consumption (90%) was observed when the dicoumarol concentration was approximate ly 50 1, whil e 50 % inhibition took place in the presence of about 5 ~M di coumar o l (Fi g . la). NADH oxidation was also affected by 2-n-heptyl-4-hydroxyquinoline-N-oxide (HQNO), an inhibitor of electron transp or t at the level of cytochrome b (3, 13, 15, 19) ; maximum inhibition of oxygen consumption (96%) occurred when the HQNO concentration was ab out 1.S ~, while 50 % inhibition was obtained at approximately 100 nM inhibit or (Fig. lb) . Neither succinate oxidase nor NADH dehydrogenase activiti es were affect ed by these inhibitors even when, in the case of succinat e oxidase, the concentrations of dicoumarol or HQNO were inc reased to 300 ~M and 12 ~M , respectively.
Photoinactivation. The results of an experiment demonst rating t he pho tosensitivity of NADH and succinate oxidases to long-wavelength UV
light are shown in Fig. 2a . NADH oxidas e activity disappe ar ed exponentially with a half-life of 18 min, whereas 50% of the succinate ox idase activity disappeared after 40 min. NADH and succinate dehydroge nase activities were also inactivated by 366 rum light (Fig. 2b) .
The NADH dehydrogenase was inactivated with a half-life of 7.5 hr, Ext rac tion of the membrane fraction with n-pentane resulted in t he loss of NADH oxidase activity. NADH oxidase activit y in "depleted" membranes was partially restored by adding material extrac ted with either methanol-acetone or n-pentane. In addition, UQ-6, UQ-9, or UQ-IO partially rest or ed NADH oxi da se activit y , each t o about the same extent. No reactivation was observed when the vitamin Kl was added t o the depleted membranes. An experiment illustrating r e activ a tion with the endogenous quinone is shown in Table 1 . The lyophilized membrane s
were e x tracted with n-pentane, which resulted in the loss of about 93%
of the NADH oxidase activity and 99 % of the quinone (equivalent t o removin g 9.6 nIDal of UQ x mg membrane protein-
NADH ox id ase activity was partially restored by adding either the crude quinone fraction (obtain ed by methanol-acetone extraction) or the chromatographica lly purified quinone fraction. Following reactivation, NADH oxidase activity was inhibited by dicoumarol and HQNO (Table 1) to about the same extent as observed prior to depletion (Fig. 1 ). This indicated th at the additi on of the quinone fr a ction restored the respiratory chain r a ther than bypassing the quinone-depleted site.
Succinate oxidase activity was also affected by n-pentane extraction. However, depletion resulted in only a 28 % loss of the initial succ inate oxidase activity despite the extraction of 99% of the quino ne (Table 1) . No reactivation was observed when the crude quinone fractio n was r es tor ed to the depleted membranes. Solvent e x traction also caus ed a 36 % loss of succinate dehydrogenase but none of the NADH dehydrogenase activity. As in the case of the photoinactivation experimen t s , the inactiv a tion of succinate dehydrogenase could have ac counted for the loss o f succinate oxidase activity.
identification of the quinone. When a methanol-acetone extract of membranes was chromatographed on acid-washed alumina, the only quinone detected was eluted with 5% ethyl ether in petroleum ether.
MK would have been eluted with 1% ethyl ether in petroleum ether. The absorption spectrum of the quinone was indistinguishable from the spectrum of authentic UQ-10 (6). The maxima before and after NaBH4 reduction were located at 275 nm and 290 nm, respectively, and the ratio of the two maxima was 2.9.
The length of the isoprenoid chain was identified by reverse-phas e chromatography (Fig. 3) . The quinone fraction extracted with methanolacetone (Fig. 3, position 2 ) and the material purified by alumina chromatography (Fig. 3, position 3 ) exhibited a single leucomethylene blue-oxidizing spot whose mobility was identical to that observed with authentic UQ-9 (Fig. 3, position 5 ). The mobility of the quinone obtained from anaerobically grown cells (Fig. 3, position 4) was also similar to UQ-9. The mass spectrum of the quinone exhibited prominent peaks at mle 235 and 197, which are characteristic features of ubiquinones, and at m/e 794 and 796. which correspond to the parent mass peaks for UQ-9 and its hydroquinone (7,lS) . No peaks characteristic o f UQ-S and UQ-10 were observed at mle 726 and 826.
DISCUSSION
Ubiquinones occur in a variety of bacteria where they participate as hydrogen carriers linking the dehydrogenases (e.g., NADH and succinate) to the cytochrome portion of the respiratory chain (11) . It isnot clear how ubiquinones are organized in the electron transport chain;
there is some question 1f ubiquinones exist as a mobile and homogeneous pool (9,21).
The results described in this paper were consistent with the no tion t ha t NADH was oxidized through UQ-9. Although NADH oxidation was inhibited by dicoumarol, no MK was detected either spectrally or chromatographically. Dicoumarol also inhibits UQ-dependent reactions, such as the NADH-UQ segment of the mitochondrial respiratory chain (10) an d the NADH oxidase of Aerobacter aerogenes, where the only quinone present is UQ-8 (12) . Therefore, the inhibition of NADH oxidase activity by dicoumarol need not reflect an MK-dependent step in the oxidation of NADH. HQNO inhibits succinate oxidase activity at a sit e betwe en UQ and oxygen (15) . The absence of HQNO inhibition of suc c inat e oxid as e ac tivity, and the apparent r ef ractoriness of succinate oxi dase activity to pho toinactivation and solvent extract j on, su gges ted that succinate was not oxidized throu gh a UQ-depend ent ste p .
If we postulate that UQ did not exist as a mobile pool in P. halodenitrificans, then the differences observed in the oxidation of NADII and succinate can be reconciled with the notion that succinate i s oxidized through UQ-9. COX et a1. (5) 
